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ABSTRACT
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This thesis concerns an experimental investigation
of the behavior of the intervertebral disc when subjected
to various types of loads. The laboratory work is de-
scribed and the experimental results are presented and
discussed.
The types of tests which were performed consist
of compression, volume change, tensile strength variation,
bending and fatigue. Various stages of degeneration of
the intervertebral disc and the age of the person were
taken into consideration in selecting the specimens.
Because of the limited number of tests performed in
this report, the results can only be taken as an indica-
tion of the structural behavior of the intervertebral
disc.
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Glossary of Medical Terminology
Annulus Fibrosus. . . . .
Anterior. . . . . . . . .
Anterior Longitudinal
Ligament . . . . . . . . .
Cartilaginous Plate . . . .
Cortex. . . . . . . . . . .
Extension . . . . . . . .
Flexion . . . . . . . . .
Intervertebral
Articulations. . . . .
Intervertebral Disc . . . .
Intercellular Fluid . . . .
Ligamentum Flavum . .
Marrow. . . . . . . . .
Nucleus Pulposus. . . .
.Outer periphery of the inter-
vertebral disc composed of
clusters of hyaline cartilage
in a lamellar arrangement of
fibers which run in all
directions.
.Referring to the front of the
intervertebral disc.
.Layer of thin firm ligaments
running down the front of
the spine.
.The plate separating the
intervertebral disc and the
vertebra.
.Referring to the dense outer
layer of bone of the vertebral
body.
.Backward motion.
.Forward motion.
.The bony processes attached
to the rear of each vertebra
and extend downward covering
the rear of the disc.
.Elastic material allowing
motion of the spine.
.Fluid in the intervertebral
disc.
.Ligaments extending between
intervertebral articulations.
.Porous central area of the
vertebral body.
.The weak central portion of
the intervertebral disc.
L
Posterior . . . . . . . . .Referring to the rear of the
intervertebral disc.
Posterior Longitudinal
Ligament . . . . . . . . .Layer of thin ligaments
running down the rear of the
spine.
Vascula Foramina. . . . . .Opening in the vertebral body
through which the blood supply
enters.
Vertebra. . . . . . . . . .Bony segments composing part
of the spinal column.
CHAPTER I
Summary
L
Summary
A. Introduction
The cause of lower back pain has never been definite-
ly established, but many theories have been developed
concerning this problem. The basic theory which has
been generally accepted in the medical field is that
degeneration of the intervertebral disc is the major
source of trouble.
B. Purpose
Previous research on the intervertebral disc has
been largely confined to approaching this problem
of lower back pain from the biological point of view.
The purpose of this report is to determine the structur-
al behavior of the intervertebral disc when subjected
to various types of forces.
C. Scope of Investigation
The intervertebral disc can be subjected to many
types of stresses simultaneously. These stresses can
occur due to internal and external sources. They may
be caused by the weight of the body, bending and
torsion of the spine, and by lifting any external
loads. This report considers all these sources except
torsion. The tests vhich were performed on the inter-
vertebral disc are: compression, volume change, tensile
strength variation, bending and fatigue.
- 1 -
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D. Procedure
1. Compression test: The tests were performed in the
mechanical engineering testing laboratory at M.I.T.
using the Baldwin-Tate-Emory testing machine. Lateral
and vertical deflections were obtained by Ames' dials
placed around the circumference of the intervertebral
disc.
2. Volume change test: The tests were performed using
the same machine as in the compression test. Alcohol
displacements in a watertight piston and cylinder
arrangement were measured by means of a graduated
volume tube from which volume changesin the interverte-
bral disc were obtained.
3. Tensile strength variation test: These tests were
performed in the textile laboratory using an Instron
testing machine. Elongations and maximum tensile load
were recorded for each segment of disc. There were
approximately twenty segments for each disc.
4. Bending test: The intervertebral disc was subjected
to bending stresses by rotating one end of a beam which
was composed of two pipes connected by a spinal specimen.
Lateral deflections were measured by means of Ames'
dials placed around the circumference of the disc.
Various planes of bending were investigated with and
without the intervertebral articulations intact.
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5. Fatigue test: This test was performed at the fatigue
laboratory at M. I. T. using a General Motors fatigue
machine. Alternating bending stresses inducing a
rotation of about 50 were applied at a rate of 1100
cycles per minute. Recordings of load were obtained
by means of SR4 strain gauges attached to the loading
rod. A Sanborn recorder was used to record these loads
at 100 cycle increments.
E. Conclusions
As compressive load is applied, the intervertebral
disc will expand laterally. Associated with this action
is a flow of intercellular fluid from the disc to the
marrow of the vertebra. This flow may depend on the
degeneration of the intervertebral disc and the perme-
ability of the cartilaginous plate which separates the
disc and the vertebra.
The ultimate tensile strength of the intervertebral
disc varies depending on the amount of degeneration that
has occurred in the disc. This tensile strength varia-
tion may be symmetrical about one or two axis.
By applying bending stress to the intervertebral
disc, the degenerated areas may be located by a compari-
son of the lateral deflections at opposite points around
the circumference of the disc.
The fatigue strength of the intervertebral disc is
very small if the rate of load application is high.
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CHAPTER II
Compression Test
A. Description of Apparatus
Since this test was an unconfined compression test
on the intervertebral disc, a frame was designed for
holding the Ames' dials. The first two tests employed
five dials, four to measure lateral deflections and the
fifth to measure vertical deflections. In the last three
tests seven dials were used for measuring lateral deflec-
tions of the disc and one for vertical deflections. The
frame was an adjustable type made up of 1" round bars in
the form of a rectangle and is shown in figure 1.
The testing machine used in this test was a Baldwin-
Tate-Emory hydraulic type machine. The loading range
selected was 0 to 6000 pounds.
Fig. 1 Frame for Ames' dials
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B. Testing Procedure
A section was removed by autopsy which consisted
of two vertebrae and the connecting disc. The inter-
vertebral articulations were removed and both vertebrae
were cut parallel to each other on a plane perpendicular
to the normal upright position, leaving as much vertebral
bone as possible.
The specimen was capped on both ends using quick
setting plaster. Bond between the vertebra and the
plaster was obtained by scarring the cut face of the
vertebra.
The specimen was placed in position under the loading
head. The frame holding the Ames' dials was adjusted so
that all dials had free travel. A ball type loading block
was then placed on top of the specimen. Thin steel plates
were required because of the size of the specimen and the
type of loading head of the machine.
Compressive load was applied in 50 pound increments
up to 300 pounds. After 300 pounds the increment was
increased to 100 pounds. Failure of the specimen occurred
when the load dropped sharply. This occurred simultane-
ously with a leakage of intercellular fluid from the
Vascular Foramina of the vertebral body.
-5-
IC. Presentation of Results
The results in this series of tests are illustrated
by the following curves. Axial compressive load versus
lateral and vertical deflections of the intervertebral
disc are plotted. The data for these tests are presented
in Appendix A.
The number of each test is used for classifying
the type of test which was performed, the source and the
location of the specimen in the spine.
Example: Test CAL4-5
in which C = Compression test
A = Specimen emenated from body A
L4-5 = Disc located between lumbar
vertebrae 4 and 5
-6 -
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D. Test Results
The load-deflection curve of the intervertebral disc
when subjected to axial compressive load consists of three
phases. Before examining the numerical results of this
test, I would like to explain what may occur physically
in each phase.
The intervertebral disc consists of annulus fibrosus,
nucleus pulposus, intercellular fluid and air (in these
specimens - not in living subject). As compressive load
is applied, the disc compresses and the voids in the disc
become smaller until the reduced void spaces are completely
filled with intercellular fluid. This initial action may be
called the compressible phase. If additional load is ap-
plied, the fluid is put under pressure and tries to flow
radially outward. There are two possible paths for the
fluid to take. One is through the outer ring of the annulus
and the other is through the cartilaginous and bony plate
separating the disc and the marrow spaces of the adjacent
vertebrae. Volume tests have shown that there is a fluid
transfer across the plate. This fluid transfer follows
a linear relationship up to initial failure. (See Volume
Test) The general shape of the curves shows a substantial
diminution in the rate of increase of the lateral deflec-
tions of the disc occurring in the transfer phase as
compared to that taking place in the compressible phase.
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The slope of the load deflection curve is almost linear
in the transfer phase. Any deviations from linear action
may be considered to be leakage through the annulus. It
is then safe to conclude that the -flow through the outer
ring of the annulus is very small and the main flow of
fluid is through the plate. The third phase occurs as the
failure load is approached. When the voids in the vertebrae
are filled with fluid and additional pressure is exerted,
the fluid will try to flow out of the vertebrae thus
maintaining the internal pressure in the specimen. It was
not readily determined by inspection if the Vascular
Foramina in the cortex were open to this fluid flow in
the intact vertebra or if the induced pressure created an
internal connection with these canals. This final action
is called the collapse phase.
The compressible phase of the load deflection curve
is a non-linear function which approximates the equation
2
of a parabola, Load = (K) (deflection)2, and extends up
to a load of 400-500 pounds. The value of K actually is
an indication of the degree of saturation in the disc;
that is, the ratio of the volume of voids to the volume
of intercellular fluid. The smaller the degree of satura-
tion, the smaller the value of K. This means that large
deflections will occur before the disc voids can be
compressed and transfer action started. There are actually
two meanings for "K". The first one takes into considera-
- 13 -
tion the disc as a whole and applies to the load vs
vertical deflection curve. The other meaning is that it
enables us to determine in which area the disc is de-
generated. By observing the lateral deflections of the
disc as load is applied, it is easy to determine the area
in which large deflections occur. It is reasonable to
state that if the lateral deflection of a point is large
compared to a norm of other lateral deflections, a weak
area is indicated. Illustrating this method, the weak
area in test CAL2-3 would be in the anterior section. In
test CAL4-5, the left side and anterior areas seem to be
weak. In order to corroborate this theory, tensile tests
were performed on several discs.
The transfer phase of the compression test is a linear
function in which the slope of the line is an indication of
the relative stiffness of the outer annulus ring and may
also be an indication of the condition of the plate. By
observing specimens removed by autopsy, it can be safely
stated that a degenerated area of the disc would probably
be less stiff than an area which is normal. Also associated
with these degenerated areas of the disc would be a plate
which has undergone a change biologically. This change is
in the form of a loss of support due to a reduction of bone
marrow of the vertebral body, which in turn reduces the
stiffness of the plate in that area when compared to other
normal areas. Whether this change also effects the relative
- 14 -
permeability of the plate is conjecture at this stage and
any comparison of data from the curves would be pointless
due to the uncertainties involved. Further testing
regarding this subject should be performed.
All specimens failed in a similar manner. At the
failure load, which varied from 1000 to 1350 pounds, fluid
and marrow contents were emitted from the Vascular
Foramina of the uppermost vertebra. Post inspection of
the specimens did indicate a failure of the plate, but the
location of the failure was difficult to ascertain in some
specimens because of the distrubances set up while cutting
and because failure took the form of a crack which was not
easily visualized in the sectioned specimen. There were
no visible external defects around the circumference of
the disc itself due to the applied load. The annulus and
its attachment to the adjacent vertebra remained intact
at least to gross inspection.
-15-
CHAPTER III
Volume Change Test
A. Description of Apparatus
In order to determine the magnitude of the volume
change in the intervertebral disc, a watertight piston
and cylinder arrangement was selected. Axial compressive
load was applied by means of a loading plate which was
connected to the piston head by a 1" round steel column
about 8" long. The diameter of the piston head was
equal to 4" and the depth of the head varied. In order
to prevent binding of the piston, a wall 3" in depth
and " thick was provided around the circumference of
the piston. Built into this wall was a groove in which
a rubber "0" ring was inserted. This prevented leakage
between the piston and cylinder. The depth of the
piston head between the 3" piston walls was X".
Other features of the piston head included a
slotted steel column M" square and 4" long. An Ames'
dial was mounted to this column and seated on the rim
of the cylinder wall, thereby giving vertical deflections
of the piston head. Since this system was filled with
alcohol, it was necessary that all air be removed.
This was facilitated by means of a threaded Y2" bolt which
extended through the head of the piston. By loosening
this bolt, bleeding could occur very readily.
The cylinder wall was 7" high and Y" thick. Attached
to the cylinder by watertight connections were two tubes
- 16 -
(length = 2.5'), a XV steel tube and a 10 cc. graduated
glass tube. The purpose of the steel tube was to
decrease the rise of alcohol in the graduated tube due
to a drop of the piston head.
- 17 -
Fig. 7 Volume test apparatus (unassembled)
Fig. B Volume test apparatus (assembled)
B. Testing Procedure
A fresh specimen was removed by autopsy which con-
sisted of two vertebrae and a corresponding disc. The
intervertebral articulations and posterior longitudinal
ligaments were removed. The vertebrae were cut on a plane
horizontal to the normal upright position leaving as much
vertebral bone as possible. Each vertebra was placed in
a copper tube and then plaster poured in the area between
the tube and the bone. Plaster was also poured simultane-
ously on the cut horizontal faces of the vertebrae so
that each vertebra was completely enclosed by plaster.
It can then be concluded that no leakage could occur
through the bone. The only area left open at this point
was around the circumference of the disc. The entire
specimen was inserted in a liquid latex solution and then
allowed to dry. This left a thin elastic membrane com-
pletely enclosing the disc.
The specimen was inserted in the cylinder and a
loading block placed on top of the specimen. The piston
was then inserted until contact was made with the loading
block. The next step was to fill the apparatus with
methyl alcohol. This was accomplished by pouring the
alcohol through the steel tube. The 2" bolt was loosened
and any air in the system was removed.
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The specimen was now ready for testing. The machine
employed in this test was a Baldwin-Tate-Emery hydraulic
type testing machine which was equipped with three loading
ranges. The range selected was 0 to 6000 pounds. Com-
pressive load was applied in 50 pound increments for
periods of two minutes up to 300 pounds. Readings of the
glass 10 cc. tube and vertical deflection were taken at
30 second intervals. After 300 pounds, the increment of
load was increased to 100 pounds for periods of 30 seconds.
This procedure was continued until the rate of the rise of
alcohol in the tube increased. This indicated that the
point of initial failure was being approached. Readings
were then taken every 15 seconds. Slight errors were intro-
duced because of the hydraulic action of the machine. It
was difficult to maintain constant hydraulic pressure at
high loads. These fluctuations in the data were averaged
when the curves were plotted.
- 20 -
Fig.9 [Preparation of intervertebral specimen for volume test
8
*C. Computations of Volume Change
If just alcohol (no specimen) is in the cylinder, a
vertical deflection downward of the piston head would
cause a corresponding rise in both tubes. If points are
plotted for various deflections of the piston head versus
readings of the 10 cc graduated tube, the resulting curve
is a straight line. This line could be called the zero
volume line. If a specimen is now inserted in the cylin-
der with the alcohol and a similar plot is-made due to
vertical deflections of the piston head any change from
the zero volume line would indicate a change in volume
of the specimen. Any points above this line would indicate
an increase in volume and correspondingly points below it
would mean a loss in volume.
The formula for obtaining the amount of volume
change that has occurred is:
V= (R 2 -A R 1 ) (At + Ap) 5.3
In which: AV = Change in volume (cc)
R = 12.96Ay = Reading of 10 cc glass
tube due to deflection, y when
just alcohol is in cylinder (cc)
R 1 = Reading of 10 cc glass tube due to
deflectionny when alcohol and
specimen in cylinder (cc)
A y = Deflection of piston head at any
point (inches)
At = 0.189 cm 2 = Area of glass 10 cc tube
A = 3.228 cm2 = Area of steel pipe
p
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Calibration of 10 cc tube: Change in
readings of 1 cc corresponds to a
change in height in the tube of 5.3 cm
Illustrative Example:
From test data:A y = 0.100 inches
A R  = 1.10 cc
R2 = 12.96A y = 12.96 x 0.100 = 1.296 cc
R2 -R 1 = 1.296 - 1.10 - 0.196 cc
A + A = .417 cm
AV = (0.196 cc) (3.417 cm 2) 5.3 m = 3.52 cc
- 23 -
D. Presentation of Results
The results of this series of tests are illustrated
by the following curves. Axial compressive load for
denoted increments of time are plotted against vertical
deflection and volume change in the intervertebral disc.
The data for these tests are presented in Appendix B.
The number of each test is used for classifying the
type of test which was performed, the source and the loca-
tion of the specimen in the spine.
Example: Test VA2-3
in which V = Volume change test
A = Specimen emenated from body A
2-3 = Disc located between lumbar
vertebrae 2 and 3
In addition to the curves, photographs of the
dissected specimens showing the type of failure are
presented.
- 24 -
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E. Test Results
Five tests were run in this series and definite con-
clusions were reached concerning the occurrence of volume
changes. All discs did show immediate loss in volume as
soon as load was introduced. This volume loss increased
as the load was applied, approximately proportional to the
vertical deflection up to the point of initial failure.
The initial failure of the specimens could not be observed
visually, but it was readily determined by plots. As the
failure load was approached, the slope of the deflection
curve increased sharply. After applying additional load,
the volume curve also veered sharply upward until the
point of initial failure when it reversed its direction.
The change in volume during failure varied depending on
the condition of the disc. The degenerated specimens
reversed to a point at which the volume increased, while
the specimens in better condition showed a similar reversal
but with smaller variances.
Summarizing, as load was applied there was a continu-
ous flow of fluid from the disc into the vertebral body
through the plate that separates the disc and the vertebra,
since this was the only channel open. It may also be
reasonable to state that since the slope of the volume
change curve is approximately linear, the permeability of
the plate is constant up to the initial failure load.
1. Point of initial failure corresponds to point A
on volume change curves.
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Initial failure can occur in two different ways which
may depend on the biological and structural characteristics
of the plate and vertebrae.
The first type is associated with a relatively normal
disc and may occur when fluid flows into the vertebrae
until the voids in the medullary spaces of the vertebrae
are entirely filled with fluid and entrapped compressed
air. At this point, since the vertebrae is unable to
allow any more fluid in, the pressure builds up until the
plate which is the weakest element in the specimen fissures
at one or more points and fluid flows back into the disc
rapidly through these cracks. Referring to figures 26
andZ8 definite cracks occurred in the plate at approxi-
mately mid distance in from the outer edge of the plate.
It should also be noted that failure always took place in
the higher of the two vertebra.
The second type of failure may occur when the plate
is weak and the vertebra is porous and brittle. The disc
may or may not be degenerated under these circumstances.
As compressive load is applied, there is a fluid transfer
as before, but there are also large strains set up in the
plate and vertebrae. Although the vertebrae is capable
of holding more fluid at initial failure, the relatively
weak plate is deformed to such a degree that large cracks
open and failure occurs in the specimen.
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Since the actual initial failure of the disc could
not be readily determined while testing, the specimens
were run to ultimate failure. Ultimate failure differs
from initial failure in that the latter is internal
(cracking of the plate), while the former may or may not
be external (failure of the vertebral body). Two different
effects occurred at high loads. The first one which is
associated with degeneration of the disc can be classified
as a shear failure in the bone extending to the plate but
not into the disc. This is shown in figures 30, 32 and 34.
Failure took place through the vertebra parallel and close
to the disc, but does not seem to extend into the disc.
The second type was not actually a failure, but a
general pancacking effect where the disc flattened out
but resumed its approximate shape after the load was
removed.
The major flow of intercellular fluid in this test
was through the plate, although it is possible that
cracks may have occurred in the rubber membrane but none
were visible. This does not represent actual conditions
because of the sealing of the Vascular Foramina. Pressures
in the vertebral body are much higher because of this;
therefore in the living state the intercellular fluid
exchange may be higher than the results of these tests
have shown. It has been observed that a person actually
loses height during the course of a day. This can
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probably be attributed to a loss of fluid content in the
disc. This fluid can be assumed to be absorbed by the
blood stream via the vertebrae. Also associated with
large losses of fluid from the disc, as occurs in
degenerated discs under relatively small loads, would be
increased mobility during bending because of the relieving
of internal stresses set up in the disc by the fluid.
In the living state, the amount of fluid in the disc
upon awakening is a maximum because of the relieving of
load imposed on the disc from the body during sleep.
Upon arising, the disc is subjected to load and fluid
transfer begins. This factor may have some correlation
to the fact that "stiffness" in the back decreases during
the course of a day.
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CHAPTER IV
Tensile Strength Variation
A. Description of Apparatus
The testing machine which was selected for this test
was an Instron textile machine. This textile testing
machine proved quite satisfactory because of its accuracy
in ranges below 100 pounds. The machine was equipped with
a load-elongation recording apparatus which could record
at various speeds which were independent of the speed of
the cross head. The rate of elongation used in this test
was V2" per minute for the loading head and a chart speed
of 2" per minute.
The standard grips of this machine consisted of two
hard rubber adjustable plates. The method of holding the
test specimen proved to be a difficult problem. Four
different types of grips were employed before satisfactory
results were obtained. The first approach was to use a
specimen with large vertebrae ends which were clamped
between the rubber plates. This proved unsatisfactory
because the bone yielded under applied pressure of the
heads and pulled out when tensile load was exerted. The
second method was to have the specimen inserted in a hollow
brass pipe. This pipe was equipped with four setscrews
which could be tightened into the bone. Plaster was then
poured into the pipe and allowed to set. The pipe was
supported by bearing onto the rubber plates by means of
washers. This method proved satisfactory in approximately
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50% of the specimens because as tensile load was applied,
failure occurredin the bone. At this point, it was
decided to remove the bone entirely since it had been
the source of trouble. Because of the length of the disc
(about v"), the second method was abandoned and high
strength glue was tried. Sample trials were performed,
but adhesion to the disc was very poor due to the oily
characteristics of the annulus material. For the next
trial, it was concluded that a small section of vertebrae
should be left intact because of the shredding character-
istics of the annulus. A gripping head was designed which
would hold a small area without slipping. This was
accomplished by providing the grips with sharp teeth which
were capable of holding the specimen at high loads. The
heads could be tightened by means of the bolt which con-
nected the grips and a loading bar. This bar was connected
to the rubber plates by means of 4" round bolt which could
be seated on top of the plates. This device proved satis-
factory in about 90% of the specimens which were tested.
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A B C
Fig. 20 Clamps for gripping tension specimen
A. Hollow pipe filled with plaster with four
gripping screws
B. Specimen attached to plates with high strength
glue *
C. Clamp with ad justable jaws and gripping teeth
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Fig. 21 Tension test apparatus (assembled)
Fig. 22 Lower jaw of tension apparatus
B. Testing Procedure
A fresh specimen was removed by autopsy which con-
sisted of two vertebrae and a connecting disc. The
intervertebral articulations were cut off and the posterior
longitudinal ligament removed. The remaining section of
vertebrae was then cut on a plane which was horizontal
to the normal uprighted position, leaving approximately
one-eighth of an inch of bone connected to the disc on
either end. In this upright position, the specimen was
cut in two planes transversely and longitudinally so that
about twenty-five testing specimens were obtained. The
cross sectional area of each specimen was obtained so
that the maximum strength in psi could be calculated.
Some interior specimens could not be tested because of
their inherent weakness and due to the disturbances caused
by the cutting of the annulus.
The specimen was clamped and inserted into position
and the test run. Results were reproduced by the recording
equipment.
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C. Presentation of Results
The results of the tension tests are illustrated by
the following curves and are summarized in the form of
tensile strength contours which are drawn on a plane
perpendicular to the normal upright position.
The number of each test is used for classifying the
type of test which was performed, the location of the disc
in the spine and the segment of the disc which was tested.
Example: TE5 L3-4
in which T = Tension test
*E5 = Segment of disc which was
tested
L3-4 = Disc located between lumbar
vertebrae. 3 and 4
*Coordinate system used: A to E; from anterior to
posterior of disc
1 to 6; from left to right
side of disc
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D. Test Results
Specimens that were tested in this series were
originally from the same spine. They were located between
the L3-4 and L14-5 vertebrae. Results of the tests not
only showed a variation in strength in each disc, but also
a variation in strength distribution when various portions
of the discs were compared with each other. It should be
noted at this point that the following conclusions are
based on just two discs, and the proof of these conclusions
can only be arrived at by more extensive testing.
The first point which I would like to discuss is the
distribution of strength in each particular disc.
In disc L4-5 the strength varies from under 50 psi
in the nucleus pulposus to 400 psi in the anterior and
posterior sections of the annulus fibrosus including the
anterior and posterior longitudinal ligaments. Compara-
tively weak sections showed up on the right and left
sides of the disc where the strength was 100 psi. Because
of the approximate symmetry of strength about the hori-
zontal and vertical center lines of the disc and the
indication of a nucleus pulposus (due to the low strength
in the center of the disc), it may be presupposed that
this disc underwent normal action in the body.
In disc L3-4, there is a more dramatic variation of
strength distribution in that there is a wide area of low
- 57 -
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strength to the right with a very small band of weakness
to the left. The high strength of the disc lies in the
posterior and left anterior portions of the disc. This
strength band varies from 400 psi to 700 psi.
Symmetry in this disc is only along the horizontal
centerline. The disc may therefore be assumed degenerated
in the area to the right of the disc. The question then
arises as to whether degeneration in the right side of
the disc will cause a compensating strength increase in
other areas of the disc. Regeneration of the disc is
doubtful due to the lack of blood supply, but it may
occur by some form of strain hardening. The best method
of attacking this question is by further testing in which
a norm for the highest strength of a healthy disc is
established. Comparison of this figure to strength ob-
tained in degenerated discs could answer this question.
Comparing discs L3-4 and L4-5, it is easily seen
that each disc may have been basically the same, but disc
L3-4 may have undergone a change due to mechanical strains
induced over a long period of time.
CHAPTER V
Bending Test
A. Description of Apparatus
The method of testing the intervertebral disc in
bending was to induce bending stresses by rotation of a
beam which consists of two brass pipes connected by the
spinal specimen. The apparatus can be classified into
three major items. They are the loading frame and supports,
the beam itself and the tensioning apparatus used to
induce compressive axial stress.
The loading frame is a rectangular structure consist-
ing of a 4" x 4" wooden base and columns of 2 - 1" x 4 ".
These column members are 4" apart in order to accomodate
the two end supporting jacks. This assembly is braced
by a steel channel on top. The supports for the beam con-
sists of three jacks, two of which support the fixed
section of the beam and the other supporting the rotating
section. Rotation of the fixed section of the beam is
prevented by having the far end of the beam bear up against
the loading frame and also by having an adjustable bar
extend down from the bracing channel and bear down on the
beam midway between jacks. Actually this fixed section of
the beam is restrained against rotation at four points.
The beam is composed of three members; the fixed
section of 3" pipe, the rotating section of 3" pipe and
the spinal specimen. The total length of the beam is
about five feet. The spinal specimen is attached to the
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-pipe sections by means of bolts (four in each section of
pipe) and plaster which is poured between the specimen
and pipe walls. Attached to the fixed section of pipe are
threaded connections for seven Ames' dials. Features of
the rotating section of pipe include a protracter which is
bolted at the longitudinal axis of the pipe. Attached to
this bolt is a thin string tied to a weight which is used
to determine the amount of rotation of the beam. Since
the beam will rotate due to its own weight, it was felt
that additional weight should be provided so that any
resistance to bending in the disc would be overcome. This
was accomplished by attaching weights to the bottom of the
rotating section.
The tensioning apparatus used in this test consisted
of one end terminal for tensioning a wire strand. This
wire strand looped around the beam along its longitudinal
axis. The wire was supported at the end of the fixed sec-
tion of pipe by means of a slotted wooden loading block.
The diameter of this block was 2Y" and 3y/4". This permitted
the block to fit into the end of the beam and then bear on
the walls of the pipe. The end terminal was made up of a
threaded bar connected to a wooden loading block at the
rotating end of the beam which is similar to the loading
block at the fixed end. At the opposite end of this
threaded bar there is a wooden block which holds the ends
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of the wire and steel bearing plates. Compressive axial
load could be applied to the beam by tightening a nut on
the bar against' the steel plates which in turn tension
the wires. The wire was also supported at two inter-
mediate points by means of two sets of adjustable wooden
blocks. These blocks had five grooves for the tensioning
wires. This was required because the Ames' dials blocked
the passage of the tensioning wires in some cases.
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Fig. 35 Bending test apparatus (initial position)
Fig. 36 Bending test apparatus (initial position)
- (Oz-
I ~ PROTRACTER
--- Fixo JACK5
MOVABLE Wfc..w
JACK
Figure 37 Apparatus for Bending Test of the Intervertebral Disc
(in Rotated Position)
B. Testing Procedure
In order to obtain a rigid connection between the
spinal specimen and the brass pipe, a long section of
spine was required. A specimen was removed by autopsy
which consisted of four vertebrae and three connecting
discs. The disc to be tested was the center disc. The
specimen was inserted into the pipes and the clamping
bolts tightened. Plaster was poured into both sections
of pipe so that the ends of the specimen were enclosed
by plaster. Alignment of the beam was accomplished by
strapping three bars along the circumference of the two
pipe sections so that the center of the bar was over the
disc in question.
The beam was then mounted on the jack supports and
the Ames' dials connected. Since the intervertebral
articulations were intact, it was impossible to place
a dial in the posterior section of the disc.
The tensioning apparatus was assembled and 60 pounds
of axial compressive load was exerted on the disc. This
load approximates the load that the L4-5 disc is subjected
to due to body weight while in the living state. This
axial load was measured by a tensiometer gauge which
could be clamped onto the wire. Since 60 pounds were
required, each wire was tensioned with 30 pounds.
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The effects of eight types of rotation about the
normal upright axis was to be investigated. The normal
upright axis in this test was the initial longitudinal
axis of the beam. By revolving the entire beam about its
longitudinal axis at 45* increments, (there is no induced
bending in the beam during this operation) each type of
motion can then be simulated. Illustrating this procedure,
if flexion is desired, the posterior of the disc is in the
top position perpendicular to the horizontal base of the
loading frame.
The jack supporting the rotation section of the beam
was lowered and lateral deflections were recorded for
each degree of rotation from the normal upright position.
This was repeated for all eight directions of bending.
The intervertebral articulations behind the disc in
question were removed and the same procedure was repeated
for various types of bending.
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Fig.38 Bending Planes
Notation for Bending Tests
EL - Backward extension obliquely to the left
L - Lateral bend to the left
FL - Forward flexion obliquely to the left
F - Forward flexion
FR - Forward flexion obliquely to the right
R - Lateral bend to the right
ER - Backward extension obliquely to the right
E - Backward extension
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NC. Presentation of Results
The results of the bending tests are illustrated
by the following curves. Induced rotation versus lateral
deflection for denoted areas around the circumference of
the intervertebral disc and for various types of motion
are presented. Also shown are the effects of removing
the intervertebral articulations and the increase of axial
load at large rotations. The data for these tests are
presented in Appendix C.
The number of each test is used for classifying the
type of test which was performed, the source and the
location of the specimen in the spine.
Example: BA4-5
in which B = Bending test
A = Specimen emenated from body A
4-5 = Disc located between lumbar
vertebrae 4 and 5
In addition to the curves, 'a photograph of the
dissected specimen showing the type of failure is pre-
sented.
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D. Test Results
Bending tests were performed on two intervertebral
discs, both of which were located between the L4-5
vertebrae. Because of the small number of tests performed
in this report, it is necessary to interpret the results
of this test by a theoretical approach.
Tension tests have shown that there is a variation
in the strength of the intervertebral disc, but this
strength variation seems to be symmetrical about one or
two axis. If bending stress is introduced on a vertical
plane of motion which is coincident with an axis of symme-
try, the resulting strains would also be symmetrical. By
altering the plane of motion, the resulting strains would
be unsymmetrical and would result in a torsion effect on
the disc.
The location of the centroid of the intervertebral
disc may be found by the following procedure. Pass a
plane perpendicular to the normal upright position of the
spine through the disc, midway between the near faces of
the corresponding vertebrae. When rotation of one
vertebra relative to its neighboring vertebra occurs due
to induced bending, this plane will rotate. The new posi-
tion of the plane will intersect the original position
at the centroid of the disc. The centroid may or may not
be through the center of the disc, but is shifted depend-
ing upon the stiffness characteristics of the disc.
Assuming linear strains the centroid will tend to shift
towards an area of greater stiffness which in general
indicates greater tensile strength.1
It is then possible to associate lateral deflections
on opposite positions of the disc with each other, such
as the left posterior and the right anterior, and thus
locate the centroid of the disc. Illustrating this pro-
cedure, if rotation in flexure takes place, the expansion
of the anterior section should equal the contraction of
the posterior section if the centroid passes through the
center of the disc. If the anterior expansion is larger
than the posterior contraction, the centroid is displaced
toward the posterior area. This would indicate weakness
in the anterior area.
The effect of the removal of the intervertebral arti-
culations on the lateral deflections of the disc was
larger than anticipated. Variations in lateral deflections
of 100% were common. The removal of the articulations
had the effect of either adding to or subtracting from
the deflections when the articulations were intact. The
intervertebral articulations provide a restraining force
to the movements of the vertebrae. By removing this force,
the centroid of the disc is shifted to a new position
depending upon the stiffness of the disc and the magnitude
of the restraining force.
1. See tension curves in Chapter IV.
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CHAPTER VI
Fatigue Test
A. Description of Apparatus
The purpose of this test was to induce bending in
the intervertebral disc by rotating the corresponding
vertebrae through an angle of 5' relative to each other.
Because of the magnitude of the desired motion and the
size of the specimen, the selection of the testing machine
for this test was limited. The machine selected was a
General Motors fatigue type tester. This machine operated
on a fixed deflection principle; therefore it was necessary
to design the apparatus so that the induced loads could be
obtained. Other features of this machine are that the
rate of load application is 1100 cycles per minute, the
maximum deflection is .005" and is produced by means of
a moveable plate. Opposite to this plate is an adjustable
fixed plate.
The apparatus may be thought of as a beam consisting
of three elements. These elements are the moveable sec-
tion, the specimen itself and the fixed section, and are
described in figure
The induced load was measured by means of strain
gauges placed on the top and bottom of the necked down
portion of the loading rod. A continuous reading of the
load was produced by a Sanborn Recorder.
Vertebral
encased i
plaster
01 
-Movable Head X 2
Movable Section , Fixe
Specimen
Fixed
Heada
d Section
Fig. 53 Apparatus for fatigue testing of the intervertebral disc
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B. Testing Procedure
A spinal specimen was removed by autopsy which con-
sisted of two vertebrae and the connecting disc. The
intervertebral articulations were removed and both
vertebrae were cut on a plane perpendicular to the normal
upright position, leaving as much vertebral bone as
possible.
The specimen was then secured in the 3" diameter
hole in the steel holding plates by pouring quick setting
plaster between the specimen and the wall of the plate.
Care was taken so that the center of the disc coincided
with the center of the plate. Since the specimen was
placed by eye only, inaccuracies as to the amount of the
rotation of the specimen may have arisen. After the
plaster was allowed to set, the apparatus was assembled
and secured in the testing machine except for the connec-
tion of the loading rod to the plate holding the specimen.
Since this machine was operated by a piston, and the maxi-
mum displacement of the machine was being used (0.005"),
the exact center of the piston stroke had to be obtained.
If this was not done, the piston would strike the side of
the machine at one end of its stroke. When this center
was obtained, the loading rod was connected to the other
apparatus.
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The machine could then be started. Readings of the
induced axial load were obtained at 100 cycle increments.
It was apparent by the dynamic response of the disc that
failure would occur much sooner than anticipated. Because
of this, it was impossible to determine the bending
moment that the disc was subjected to since this would
necessitate changing of the wire terminals of the strain
gauges.
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C. Presentation of Results
The result of the fatigue test is illustrated by
the following curve. Maximum axial compressive load
versus number of stress cycles imposed on the interverte-
bral disc are plotted. The location of the intervertebral
disc which was used in this test was between the lumbar
4th and 5th vertebrae.
In addition to the curves, a photograph of the
dissected specimen showing the type of failure is pre-
sented.
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'3
Cycles of stress
Fig.54 - Load vs. cycles of stress for 0.005" deflection at a
rate of application of 1100 cycles per minute -Test F14-5
fig.SS Post inspection of intervertebral specimen after fatigue test FIA-5
D. Test Results
Fatigue testing was initially proposed so that inter-
vertebral discs could be studied under repeated cycles of
stress. These cycles of stress did not simulate actual
bending of the spine in the human body because of the
dynamic effect set up by the fatigue testing machine.
The machine which was employed in this test could only
operate at 1100 cycles per minute. With this rapid speed,
the entire test lasted less than one minute. The criteria
for failure used here was rate of load application instead
of induced stress as is customarily used in fatigue
testing.
The fatigue which occurred in these experiments was
unique in that a horizontal split occurred in the disc
about half way between vertebrae and parallel to the plate.
This crack did not extend completely through the annulus,
but stopped about 1/8 to 1/4 of an inch away from the
outer circumference. The appearance of this crack was
not unlike defects seen in some degenerated discs at
autopsy. However, it was more extensive involving the
whole disc except for the peripheal fibers of the annulus.
Fatigue failure in metals is instantaneous at a
certain number of cycles at a sustained stress level.
The disc is completely different in that after 200 cycles
the load required to produce a given displacement dropped
rapidly.
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Rapid oscillations of stress such as imposed by the
fatigue machine could only occur in a living person as
the result of some type of machinery such as a pneumatic
drill. This would suggest that persons who are associated
with a vibratory type of labor may be susceptible to this
type of failure.
Future fatigue testing should incorporate a testing
machine in which speed may be changed. If this could be
accomplished, it would be desirable to obtain the speed
of application at which failure did not occur. Other
variables that would have to be investigated would be the
induced load, bending moment and deflection.
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CHAPTER VII
Recommendations
Recommendations
Due to the complex and variable behavior of the inter-
vertebral disc, further correlation of the results of this
thesis is required in order to establish definite conclu-
sions.
This correlation should be in the form of further
tests in which age should be an important consideration
as well as the physical condition of the disc. Since the
age group which was investigated in this report varied from
45 to 70 years old, tests on younger age groups should be
performed and compared.
Although all five tests which were performed in this
thesis proved fruitful, emphasis should be placed on volume
change, tensile strength variation and fatigue tests. The
testing program should also be expanded to include dynamic
tests in which the intervertebral disc is subjected to
rapidly applied loads so as to simulate falls from various
heights.
Further investigation is required concerning the
cartilaginous plate which separates the intervertebral disc
and the vertebral body, since it is probable that this
plate plays an important role in the reaction of the spine
to internal and external loads.
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APPENDIX A
Compression Test Data
Compression Test: CAL2-3
Load G- 1 G-2 0-3 G-4 G-5
lbs. inches inches inches inches inches
0 .017 .048 .033 .031 .038
With IFL's .017 .052 .031 .056 -
100 .028 .067 .049 .092 .034
150 .033 .071 .054 .097 .042
200 .036 .073 .057 .101 .046
250 .039 .075 .060 .104 .049
300 .041 .077 .063 .107 .052
350 .044 .078 .066 .110 .054
400 .045 .080 .068 .112 .057
300 .043 .080 .065 .112 .058
200 .038 .077 .060 .108 .056
100 .032 .070 .058 .100 .046
0 .016 .053 .030 .082 .018
200 .036 .072 .058 .104 .046
400 .046 .080 .066 .112 .058
600 .052 .085 .074 .119 .069
700 .056 .087 .077 .121 .076
800 .058 .089 .080 .124 .082
900 .061 .091 .083 .127 .087
1000 .064 .093 .086 .129 .094
1100 .065 .096 .089 .131 .103
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Compression Test: CALh-5
Load G--l G-2 3-3 G-4 G-5
lbs. inches inches inches inches inches
O .056 .016 .039 .045
With Pl's .056 .028 .040 .064
50 .073 .054 .055 .093 .083
100 .081 .064 .065 .105 .095
150 .086 .070 .072 .112 .103
200 .089 .075 .077 .118 .110
250 .092 .078 .081 .123 .117
300 .094 .081 .085 .127 .122
350 .096 .084 .087 .131 .126
400 .098 .086 .090 .135 .130
300 .098 .084 .085 .131 .132
200 .090 .079 .080 .127 .122
100 .086 .068 .069 .115 .113
0 .062 .036 .040 .076 .078
200 .088 .077 .076 .123 .119
400 .098 .088 .09 .138 .135
600 .102 .094 .096 .145 .146
800 .107 .100 .102 .154 .157
1000 .110 .105 .108 .162 .170
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Compression Test: CBLh4-5
Load G-1 G-2 G-3 G-4 G-5 G-6 G-7
lbs. inches inches inches inches inches inches inches
0 .023 .o98 .058 .004 .023 .036 .040
50 .024 .098 .062 .010 .028 .043 .044
100 .025 .098 .068 .016 .034 .049 .048
150 .027 .098 .071 .020 .040 .053 .050
200 .029 .098 .074 .024 .044 .057 .056
250 .030 .098 .076 .027 .048 .060 .060
300 .031 .098 .077 .030 .050 .062 .064
400 .033 .098 .080 .033 .054 .065 .070
500 .035 .099 .082 .037 .057 .068 .075
600 .036 .100 .083 .040 .059 .071 .080
700 .038 .100 .084 .043 .063 .074 .085
800 .039 .101 .086 .045 .065 .076 .090
900 .041 .101 .086 .048 .067 .078 .094
1000 .043 .102 .087 .051 .069 .080 .099
1100 .045 .104 .087 .054 .072 .081 .105
1200 .047 .107 .087 .060 .074 .082 .116
1250 .053 .111 .083 .074 .076 .079 .140
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Compression Test: CBL3-k
G-1
inches
.031
.034
.036
.037
.038
.038
.039
.039
.040
.040
.040
.040
.040
.040
.040
.040
G-2
inches
.053
.056
.059
.061
.062
.063
.064
.064
.065
.066
.066
.066
.0665
.0665
.0665
.0665
G-3 G-4 G-5 G-6
inches inches inches inches inches
.060
.071
.080
.086
.090
.093
.097
.100
.104
.107
.109
.111
.112
.114
.116
.117
.061
.072
.077
.080
.083
.086
.088
.091
.094
.096
.098
.100
.101
.103
.105
.106
.000
.009
.015
.020
.024
.029
.033
.039
.044
.047
.051
.054
.057
.061
.065
.069
.012
.018
.021
.023
.026
.027
.027
.028
.029
.0295
.030
.031
.031
.031
.031
0
50
100
150
200
250
300
400
500
600
700
800
900
1000
1100
1200
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G-7Load
lbs.
.031
.096
.105
.116
.124
.131
.137
.143
.151
.157
.164
.170
.177
.183
-189
.197
.203
Compression Test: CCLh-5
Load G-1 G-2 G-3 G-4 G-5 G-6 G.-7
lbs. inches inches inches inches inches inches inches
0 .069 .081 .002 .050 .000 .006 .061
50 .096 .101 .007 .055 .033 .016 .110
100 .100 .114 .011 .062 .051 .022 .124
150 .117 .121 .016 .067 .063 .027 .136
200 .122 .126 .018 .070 .o68 .032 .145
250 .127 .129 .019 .074 .075 .035 .152
300 .130 .131 .020 .075 .081 .036 .158
400 .136 .134 .021 .077 .093 .039 .167
500 .141 .138 .022 .078 .095 .041 .177
600 .146 .140 .023 .078 .099 .042 .185
700 .150 .143 .024 .080 .100 .043 .193
800 .154 .147 .024 .080 .102 .043 .201
900 .158 .151 .024 .083 .102 .043 .209
1000 .166 .162 .024 .089 .102 .043 .218
1100 .169 .166 .024 .092 .102 .042 .226
1200 .175 .173 .024 .094 .102 .040 .234
1300 .181 .180 .024 .094 .104 .037 .242
1350 .208 .212 .024 .096 .121 .015 .242
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APPENDIX B
Volume Change Test Data
Olu ..st: -VA2-3
Time
Secs.
0
0
306c)
90
220
0 15
3060
90
120 0 15(
30
60
90
120
0 200
3060
90220
0 300
30
60
90
120
0 400
30
60
90
120
0 500
30
60
90
120
0 600
30
60
90
220
Load
Lbs.
5
y
Inches cc Inches
0 '7
0 .709
.709
.709
.709
.7041
.7049"
* 704c3
.7030
.7030
.6998
*6996
.6988
.6983
.6980
.6954
.6950
.6945
.6942
.6939
.6899
.6891
.686
.6877
.68 4 o
,6830
.6826
.6765
.6765
.6759
,6750
.6742
.67210
.6699
,6690
'6682
.6678
2.
)0 2.
7 2.
2 2.
0 2.2.
2.52.52.5
2.5
2,5c
2.6c
2.60
2.60
2.64
2,64
2.64
2.65
2.*70
2 -71
2.73-,73
2.73
2 *77
2.782.79
2.80
2.812.85
2.86
2.87
2,882.89
2*92
2.942.95
2.96
2.97
29 0
49 .0160
49 .
0157
49 .0216350 1 9
50 .0170
i4 .0215
5 .02185 . 2.1
5 .0230
5 .0230
9 .0262
.0264
.0272
.0277
.0280
.0306
.030
.035
.0378
.0432
.036.
.0369
.0374
.0380
.0383
.0420
.0430
.0437. 44
.0449
.0495
.0495
.0501
.0520
.0518 6
.0550 .6
.0562 .670 6
.0578 .6
.0582 
.6
.2
.2
.
.
.3C
.23
.331. 2
.35
.35
.35
.35. 6
,42
.42
.42
.44
044
.49
'4950
51
52
56
57
58
0
3
5
6
7
0
20 .2(
20 -2C .21
21 21
21 .22
~5 .27
6 '28,6 . 8
6 .297
0 .29
7
.359
.342
.352.358
.362
.396.401
.407
.411
.425.467
.477
.484.491.
.495
.543
.556
.565
.574
*580
.64o
.64o
.648
.,659
.670
,712
.725
.737
.747
.752
-
98 -
A7 RI R~2 l A. A V
cccc cc
.1 ~00
'007 
.127
3 '003 
.053
2 * .0 2 
. 2 0 2
8 .008 
-43
.020 .280
.028 .509.022 .398
.026 .472
.037 .668
.037 .668
.039 .705
.04-1 .742
.042 .763. 8 .869
.052 .938
.046 .832
.057 .922
.057 1.034
064 1.102
055 .996
.057 1.034
.057 2.034
.064 .161
.05 .922
.055 .996.053 .959
.066 1.282
.065 .251.064 2.6
060 2.087
.080 1.447.070 .267
.068 2.230
.069 1.251
0070 2.256
.08-1 1.468.075 1.3
57
.077 1.394
.077 1.394
.072 1.304
cc
00
e st: VA2-3 continued
Time
Secs.
Load
Lbs.
1
6
9
12
3
12c0
30
6090
120
0
30
6o
90120
0
30
6090
120
0
30
6090
120
0
30
y
0 700 .6643
30 .663160 *6622
90 .6617
120 .6607
0 80o .6578
30 6563
60 .6553
90 .6543
20 *6539
0 900 .6510
30 6499
O .6484)0 .6475
0 -6468
0 1000 .6439
0 .6423
3 .641o
) ,6399
1100 .6354
.6275
.6222
.6174
.6150
1200 .6106
.6040
.5969
.5902
1300 .5810
.5738
.5690
.5650
1400 
.5610
.5545
.5442
.5368
.5318 4
.5274 
4
1500 .5230
.5140 4
Rc
3.
3.
3.
3.
3.
3.1
3.1
3.1
3.1
3.2(
3.21
3.22
3.26
3.28
3.293.31
3.32
3.36
3.45
3*52
3.58
3.61
3.67
3*75
3.843.92
3.97
4.04
4.13
4.184.24
4.28
S58
.64
.69
.76
.86
01 .061702 .0629
03 .0638
04 .0643
35 .0653
)9 .0682
0 .0697
2 .0707
3 .0717
3 .0721
7 .0750
8 .0761
.0776
.0785
.0792
.0821
.0837
.0850
.0861
.0873
.0906
.0985
.1038 j
.1086 1
.1110 1
-1154 1
.1220 1
.129.1 1
.1358
-1399 1.
.1450 1.
.1522 1.
.1570 1.
.1610 1-
.1650 1.
.1715 2.2
.1818 2.;
.1892 2.
-1942 2.4
.1986 2-4
.2030 2-
.2120 2
.5'
'
1.0
1.0
1.0
1.0
.23
.29
.32
.38
.46
.55.63
68
75
84
89
95
9
19
0
7
.72 .7c
.73 .814 .82
.75 e83.
.76 *
,80 .88;
.81 '901
.83 9 49
84 '927
84 .93288 .967
89 .984
91 1'003
92 1.035
93 1.o2
)7 .1.061
49 1.,082o 99
2 -1-1133 1.129
1.273
1.342
1.404
1.435
1.492
1.577
1.669
1-756.809
1 .675.968
2030
2.082133
2.217
2.350
2.446.511
2.568
2.741
.078 1.415
3 .083 1.505
5 .085 
1.537
.08j 1.468
.-084 1.521
.082 1.484
.091 1.648
.084 
1.521
.087 1.574
-092 1.664
.087 1.574
-094 1.701
.093 1.685
.095 
1.723
.094 1.701
.091- 1.67o
.092 1.664. 9 .79-
.093 1.685
.099 1.791
.101 1.829
-113 2.046
-112 2.030
-114 2.067
.115 2.083
.112 2.030
.117 2.120. 9 2.157
.126 2.284
.129 2.337
.125 2.263
.128 2.316
.140 2.533
.132 2.390
.143 
2.592
.027 .488.060 1.087
.096 1.738
-111 2.009
088 1595
171 
3.10095
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R2
cc
R2-%
Inches cc cc c
Volume test:
Time Load
Secs. Lbs.
VA2-3 continued
y
Inches cc Inches
A R1 R2 R2-4R,
cc cc cc cc
.5060
.4994
.4940
1700 .4830
.4680
.4580
.4498
.4418
2000 .4150
.3920
.3790
.3705
.3634
60
90
120
0
30
60
90
120
0
30
60
90
120
4.95
5.03
5.10
5.24
5.42
5.55
5.66
5.75
6.10
6.38
6.53
6.64
6.73
.2200
.2266
.2320
.2430
.2580
.2680
.2762
.2842
.3110
.3340
.3470
.3555
.3626
2.66
2.74
2.81
2.95
3.13
3.26
3.37
3.46
3.81
4.09
4.26
4.35
4.44
2.844
2.930
2.999
3.142
3.336
3.465
3.571
3.674
4.021
4.318
4.486
4.596
4.688
.184
.190
.189
.192
.206
.205
.201
.214
.211
.228
.226
.246
.248
3.334
3.440
3.424
3.477
3.731
3.710
3.641
3.874
3.821
4.129
4.092
4.457
4.489
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LV1me te~ VA4.5
ecs.S
6
9C
12
34
120C0
30
60
90
120
030
60
90
120
0
3060
90
120
30
320
60
90
1200
30
60
90
120
0
30
60
90
.120
Load
Lbs-
u 0 .6020
0 100 .5834
0 .5
813
0 .5805)0 .5795
.5785
0 200 .5695
0 .5679
.5666
.5655
300 .5589
-
58
.5571
.5556
.5556
500 .5548S .5494
.5479
.5470
,546.1
50 .5452
00 .5412
.539-1
.5381
.5373
6o .53656o .5325
.5300
.5295
.5283
5271
700 .5234
.5215
.5202
.5193
25182
800 :. 2
.5124 2
.5113 2
5106 
2
:5096 2
y
Inche
s 8
1.1.
1.
1-
.8
1.9c
1'*94
2 .0
2.03
2.04
2.05
2.112.12
2.14
2.15
2.16
2.22
2.24
2.252.26
2 28
2.*32
2.34
?. 36. 8
.39
.44
.46
.47
.48
.49
Inches
4U 0
60 .0086
62 .0207
62 .0215:)4 .0225
S/ .02356 .0325
~8 .034.1
0 .0354
2 .03652 .0365
-01431
.0449
.0464.
.0472
.0526. 41
.0550
.0559
.0568
.0608
.0629
.0639
.0647
.0655
.0695
.072007 5
.0737
.0749
.0786
.0805
.0818. 27
.0838 .
.088o 7.0
.0896 1.0
.0907 1.0
.0914 1.0
.0924 1.0
.
.
.6
-
.5
.6
.6
.64
.71
.72
.74
.75.76
.82
.84
.8586
88
92
94
96
7
8
0 C
.20 .1.
.22 .26
.22 .27
. 4 . 9
.24 -30
36 -42C
38 .4/48
40 .4581 . 72
42 .472
18 .557
50 .580
~2 .600
~3 .6oo4 .610
-68o2 99
3 :711
.723
.734
.786-813
.826
.836,847
,899
.931
.937
. 953.968
1.016
1.041.1.058
1.069
1.0831.138
-.158
1-173.1 82
1.1015
0 0
-.0890
8 .048 . 8699 -05 1.04
-051 .922
.064 1.161
.060 1.087
.061 1.102.058 1.049
*062 1.12
4
.052 7943
.077 1.394
.080 1.447
.080 1.447
070 1.267
.070 1.267
.080 1.447
.079 1.431
.081 1.468
.083 1.505
.084 1.54.076 -1.378
.093 1.685
.086 1.558
.086 1.558
.087 1.574
.079 1.431
.091 ,1'648
.087 1.574
.093 1.685
.088 1.595
.097 1.738.101 1. 829
.098 1.776
.09 1. 611
.093 1.685
.09g 1.776
.098 1.776
.103 1. 866
.102 1.850
.105 
1. 903
- 101
/iIIIi
cc
4 y R2
cc
2~l
cec occ cc
Volume test: VA4-5 continued
Time Load y R, A y AR R2 R2-AR AV
Secs. Lbs. Inches cc Inches cc cc cc cc
0 900 .5065 2.53 .0955 1.13 1.235 .105 1.903
30 .5045 2.55 .0975 1.15 1.261 .111 2.009
60 .5033 2.57 .0987 1.17 1.276 .106 1.919
90 .5023 2.58 .0997 1.18 1.289 .109 1.972
120 .5010 2.60 .1010 1.20 1.306 .106 1.919
0 1000 .4980 2.63 .1040 1.23 1.345 .115 2.083
30 .4962 2.65 .1058 1.25 1.368 .118 2.136
60 .4944 2.68 .1076 1.28 1.391 .111 2.009
90 .4922 2.70 .1098 1.30 1.420 .120 2.173
120 .4909 2.71 .1111 1.31 1.436 .126 2.284
0 1100 .4880 2.75 .1140 1.35 1.474 .124 2.247
15 .4800 2.84 .1220 1.44 1.577 .137 2.480
30 .4722 2.94 .1298 1.54 1.678 .138 2.502
45 .4590 3.10 .1430 1.70 1.849 .149 2.698
60 .4460 3.26 .1560 1.86 2.017 .157 2.841
75 -4310 3.50 .1710 2.10 2.211 .111 2.009
90 .4220 3.50 .1800 2.10 2.327 .227 4.113
105 .4150 3.64 .1870 2.24 2.418 .178 3.222
120 .4080 3.72 .1940 2.32 2.508 .188 3.403
135 .4020 3.80 .2000 2.40 2.586 .186 3.371
150 .3960 3.87 .2060 2.47 2.663 .193 3.493
165 .3910 3.96 .2110 2.56 2.728 .168 3.042
180 .3850 4.02 .2170 2.62 2.806 .186 3.371
195 .3800 4.08 .2220 2.68 2.870 .190 3.440
210 .3780 4.11 .2240 2.71 2.896 .186 3.371
225 .3750 4.25 .2270 2.85 2.935 .085 1.537
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test: VB2-3
Time
Secs,.
Load
Lbs.
y
Inches
3
12(
C
30
60
90
120
0
30
60
90
120
0
30
60
90
120
0
30
60
90
120
0
30
6o
90
120
5
10
15
20
25
30
35
40
55
70
100
115
130
o 0 .5725
0 50 .5656
0 .5654
0 .5652
2 .5652
100 .5612
'56101
.5608
.5606
150 .5605.5575
.5568
.5566
.5566
200 .556
4
.5528
.5510
.5508
.5508
.5508
250 .5461
.544
.5441
.5441
-54-40
300 .5394
.5372
.5361
.5358
.5346
400 .390
.376
.366
.362
.357
.355 3
.35-4 3
.350 3
.346
.3418 4
.3389 4
.3358 4
.3328 4
.3298 4
R, ARj
cc Inches
1
1.
11,
1.
1.
1.
1.
1.4
1.47
1.4
1-475
1.5
1.55
1.55
1.9
1-94
1.94
1.95
1-97
3.33
3.60
3.75
. 80
~.86
.90
.92
.93
.00
.07
10
14
1.7
044 0
.31 .0069
.31 .0071
.31 .0073
31 .0073
31 .0073
36 .0113
36 .0115
36 .0117
36 .0119
36 .0120
0 .0150
0 .0157
0 .0159
0 .0159
0 .0161
S *0197
*0215
.0217
.02-17
.0217
-0264+
.0281
.0284
.0284
*0285
.0331
.0353'
.0364 c
.0367 0
.0379 0
.1825 2
.1965 2
.2065 2.
.2105 24
.2155 2.
.2175 2.
.2185 2.
.2225 2.
.2265 2.'
.2307 2.0
.2336 2.~
.2367 2.0
.2397 2.9
-2427 2.9
cc cc
(0
0
0
0
0
0.
0.
0.
0.
0.
0..0.;
0.2
0.2
0.3
0.31
0.3
0.70]0.30.67
2 *70
. 70
.71
.73
.09
.36
.51
.56
62
66
68
69
76
'0
3
6
cc
0 0
0.07 .089
0.07 .092
).07 '094
).07 .094
).07 .094
.12 .146
.12 .149
.12 .151
.12 -154
.12 .155
16 .194
16 .203
16 .206
16 .206
16 .208
21 .255
?3 .278
3 .281
3 -282
3 .281
1 .3411~ .363
.367
-
.367
.368
.428 -
-456 -
.471 -
.474 -.
2.490 -.2.359
2.540
2.670
2.721
2.786 .
2.812 .
2.825 .
2.877 .
2.928 .
2.983 1
3.020
3.060 .16
3.099 ..16
3.134 .17
cc
.
.0
.0
.0
.0,
.0
-04
.04
.04
.04
.04
. 041
.051
.0511
.051
0041
.053
.057
.057
.058
.258
.244
.229
236
240
269
180
160
61
.66
.52
45
87
68
9
- 103 -
0 0
019
)22 .398
)24 .3
24 -435
26 .472
29 .525
31 .562
34 .615
5 .636
4 .615
3 .779
6 .832
6 .832
.869
5 .816
.869
.922
.922
.742
.959
1.034
1.034
I1.049
-4.675
-4.420
-4-145
-4.272
-4.346
4.871
3,*260
2.899
2.915
3.005
2.75.1
2.624
3.387
3,042
2.*772
2,899
2.899
3,058
3.154 Iiii
i-
ii
Volume test: VB4-5
Time Load y R, Ny AR, RZ R-AR, mV
Secs. Lbs. Inches cc Inches cc cc cc cc
0 0 .4810 - 0 0 0 0 0
0 50 .4730 0.70 .0080 0 .104 .104 0
30 .4730 0.80 .0080 .10 .104 .004 .074
60 .4725 0.81 .0085 .11 .1104 .0004 .005
90 .4718 0.81 .0092 .11 .1194 .0094 .170
120 .4715 0.82 .0095 .12 .1233 .0033 .069
0 100 .4661 0.87 .0149 .17 .1934 .0234 .424
30 .4658 0.88 .0152 .18 .1973 .0173 .313
60 .4655 0.89 .0155 .19 .2012 .0112 .201
90 .4652 0.89 .0158 .19 .2051 .0151 .276
120 .4650 0.89 .0160 .19 .2077 .0177 .318
0 150 .4600 0.96 .0210 .26 .2726 .0126 .228
30 .4570 0.99 .0240 .29 .3116 .0216 .392
60 .4551 1.02 .0259 .32 .3362 .0162 .292
90 .4535 1.04 .0275 .34 .3570 .0170 .307
120 .4523 1.05 .0287 .35 .3726 .0226 .408
0 200 .4468 1.12 .0342 .42 .4440 .0240 .435
30 .4429 1.16 .0381 .46 .4946 .0346 .625
60 .4418 1.18 .0392 .48 .5089 .0289 .519
90 .4408 1.19 .0402 .49 .5219 .0419 .758
120 .4380 1.22 .0430 .52 .5583 .0383 .694
150 .4378 1.23 .0432 .53 .5608 .0308 .557
0 250 .4305 1.32 .0505 .62 .6556 .0356 .647
15 .4275 1.34 .0535 .64 .6946 .0546 .991
30 .4250 1.38 .0560 .68 .7270 .0470 .853
45 .4228 1.40 .0582 .70 .7556 .0556 1.007
60 .4206 1.43 .0604 .73 .7841 .0541 .981
75 .4170 1.47 .0640 .77 .8309 .0609 1.102
90 .4150 1.50 .0660 .80 .8569 .0569 1.028
105 .4120 1.52 .0690 .82 .8958 .0758 1.373
120 .4112 1.54 .0698 .84 .9062 .0662 1.198
135 .4107 1.55 .0703 .85 .9127 .0627 1.134
0 300 .4000 1.68 .0810 .98 1.0516 .0716 1.299
15 .3860 1.85 .0950 1.15 1.2333 .0833 1.511
30 .3630 2.15 .1180 1.45 1.5319 .0819 1.484
45 .3200 2.80 .1610 2.10 2.0902 -.0098 -.175
60 .2990 2.93 .1820 2.23 2.3628 .1328 2.406
75 .2920 3.01 .1890 2.31 2.4537 .1437 2.602
90 .2870 3.08 .1940 2.38 2.5186 .1386 2.512
120 .2805 3.17 .2005 2.47 2.6030 .1330 2.406
0 400 .2150 3.90 .2660 3.20 3.4534 .2534 4.590
15 .1670 4.58 .3140 3.88 4.0765 .1965 3.556
30 .1580 4.70 .3230 4.00 4.1934 .1934 3.503
45 .1510 4.80 .3300 4.10 4.2843 .1843 3.339
60 .1460 4.86 .3350 4.16 4.3492 .1892 3.424
75 .1430 4.88 .3380 4.18 4.3881 .2081 3.768
90 .1410 4.91 .3400 4.21 4.4141 .2041 3.694
- 104 -
Volume test: VC4-5
Time Load y Rl ay 4R1  R2 R2-aR1  1V
Secs. Lbs. Inches cc Inches cc cc cc cc
0 0 .937 1.44 0 0 0 0 0
0 50 .930 1.53 .007 0.09 .0905 .0005 .009
60 .930 1.52 .007 0.08 .0905 .0105 .190
120 .929 1.52 .008 0.08 .103 .0230 .416
180 .929 1.52 .008 0.08 .103 .0230 .416
240 .929 1.51 .008 0.09 .103 .0130 .235
0 100 .923 1.60 .014 0.16 .181 .021 .381
60 .922 1.60 .015 0.16 .194 .034 .616
120 .9215 1.60 .0155 0.16 .200 .040 .725
180 .921 1.60 .016 0.16 .207 .047 .851
210 .917 1.65 .020 0.21 .259 .049 .887
270 .916 1.66 .021 0.22 .272 .052 .942
330 .916 1.66 .021 0.22 .272 .052 .942
390 - .915 1.67 .022 0.23 .284 .054 .978
0 200 .911 1.72 .026 0.28 .336 .056 1.014
60 .910 1.73 .027 0.29 .349 .059 1.068
120 .909 1.74 .028 0.30 .362 .062 1.123
180 .909 1.74 .028 0.30 .362 .062 1.123
0 250 .904 1.80 .033 0.36 .427 .067 1.213
60 .9025 1.82 .0345 0.38 .446 .066 1.195
120 .902 1.83 .035 0.39 .453 .063 1.141
180 .900 1.85 .037 0.41 .478 .068 1.232
0 300 .897 1.89 .040 0.45 .517 .067 1.213
60 .896 1.90 .041 0.46 .530 .070 1.268
120 .895 1.91 .042 0.47 .543 .073 1.322
180 .894 1.92 .043 0.48 .556 .076 1,376
0 400 .887 2.01 .050 0.57 .646 .076 1.376
60 .885 2.04 .052 0.60 .672 .072 1.304
120 .883 2.06 .054 0.62 .698 .078 1.412
180 .882 2.08 .055 0.64 .711 .071 1.286
0 500 .873 2.20 .064 0.76 .827 .067 1.213
60 .871 2.22 .066 0.78 .853 .073 1.322
120 .865 2.30 .072 0.86 .931 .071 1.286
180 .804 3.05 .133 1.61 1.720 .110 1.992
240 .793 3.20 .144 1.76 1.862 .102 1.847
0 600 .776 3.41 .161 1.97 2.082 .112 2.028
30 .755 3.67 .172 2.23 2.224 .006 -.107
60 .743 3.82 .184 2.38 2.379 .001 -.181
90 .736 3.90 .191 2.46 2.469 .009 .163
120 .731 3.97 .196 2.53 2.534 .004 .073
150 .726 4.03 .201 2.59 2.599 .009 .163
180 .723 4.07 .214 2.63 2.767 .137 2.481
210 .721 4.10 .216 2.66 2.793 .133 2.409
- 105
Volume test: V04-5 continued
Time Load y R, AR 1  R2  R2-AR1  AV
Secs. Lbs. Inches cc Inches cc cc cc cc
0 700 .706 4.28 .231 2.84 2.987 .147 2.662
30 .694 4.41 .243 2.97 3.142 .172 3.115
60 .687 4.50 .250 3.06 3.232 .172 3.115
90 .682 4.58 .255 3.14 3.297 .157 2.843
120 .676 4.65 .261 3.21 3.374 .164 2.970
150 .672 4.70 .265 3.26 3.426 .166 3.006
0 800 .660 4.85 .277 3.41 3.581 .171 3.095
30 .651 4.96 .286 3.52 3.698 .178 3.222
60 .644 5.05 .293 3.61 3.788 .178 3.222
90 .639 5.11 .298 3.67 3.853 .183 3.313
120 .634 5.17 .303 3.73 3.917 .187 3.387
150 .630 5.21 .307 3.77 3.969 .199 3.604
180 .628 5.24 .309 3.80 3.995 .195 3.530
0 900 .620 5.33 .317 3.89 4.098 .208 3.768
30 .612 5.44 .325 4.00 4.202 .202 3.657
60 .604 5.53 .333 4.09 4.305 .215 3.896
90 .600 5.60 .337 4.16 4.357 ..197 3.567
120 .595 5.65 .342 4.21 4.422 .212 3.837
150 .592 5.69 .345 4.25 4.460 .210 3.805
- 106 -
-APPENDIX C
Bending Test Data
Bending Test: BA4-5
Backward extension obliquely to
articulations intact
Angle
degrees
90
**90
89
88
87
86
85
84
G-i1
inches
.034
.034
.039
.044
.052
.063
.075
.086
G-2
inches
.092
.099
.095
.093
.093
.091
.090
.090
the left writh intervertebral
G-3
inches
.031
.023
.041
.054
.070
.090
.106
.119
inches inches
.096
.101
.085
.063
.049
.036
.034
.019
Lateral bend to the left with intervertebral articulations intact
Angle G-1
degrees inches
90
**90
89
88
87
86
85
84
.035
.037
.041
.047
.054
.063
.070
.078
G-2
inches
.073
.074
.073
.073
.082
.100
.113
.123
G-3
inches
.116
.101
.104
.107
.108
.107
.106
.105
* See curves for location of Ames' dials
** Axial load of 60#Y introducbd
- 107 -
.099
.103
.095
.087
.078
.070
.066
.063
G-4
inches
.101
.115
.110
.102
.094 ,
.084
.072
.063
G-5
inches
.080
.095
.079
.066
.058
.053
.051
.047
Bending Test: BA4-5 continued
Forward flexion obliquely to the left with intervertebral
articulations intact
Angle
degrees
**90
89
88
87
86
85
84
G-l
inches
.042
.052
.059
.067
.074
.081
.088
G-2
inches
.104
.118
.128
.132
.135
.135
.135
G-3
inches
.127
.116
.109
.100
.092
.083
.074
G-4
inches
.087
.087
.087
.087
.087
.087
.087
Forward flexion with intervertebral articulations intact
Angle
degrees
**90
89
88
87
86
85
84
inches
.029
.029
.030
.030
.031
.033
.033
inches
.050
.059
.072
.081
.092
.102
.112
inches
.076
.062
.049
.039
.028
.017
.006
G-4+
inches
.034
.044
.050
.055
.062
.068
.073
** Axial load of 60# introduced
- 108 -
G- 5
inches
.068
.061
.056
.053
.050
.046
.044
inches
.087
.087
.086
.085
.085
.084
.081
Bending Test: BA4-5 continued
Forward flexion obliquely to the right with intervertebral
articulations intact
Angle
degrees
**90
89
88
87
86
85
84
G-1
inches
.021
.020
.019
.018
.017
.017
.016
G-2
inches
.050
.053
.055
.057
.060
.063
.065
G-3
inches
.159
.145
.136
.130
.122
.116
.094
G-4
inches
.052
.067
.077
.083
.090
.095
.104
Lateral bend to the right with intervertebral articulations intact
Angle
degrees
**90
89
88
87
86
85
84
G-1
inches
.111
.110
.109
.107
.105
.105
.104
G-2
inches
.102
.095
.088
.081
.073
.060
.047
G- 3
inches
.071
.074
.079
.082
.085
.089
.090
G-4
inches
.062
.068
.072
.077
.081
.088
.094
** Axial load of 60# introduced
- 109 -
G-5
inches
.098
.102
.107
.111
.114
.116
.119
G-5
inches
.129
.141
.148
.156
.166
.181
.193
Bending Test,: BA4-5 continued
Backward extension obliquely to
articulations intact
Angle
degrees
90
**90
89
88
87
86
85
84
inches
.057
.063
.058
.056
.055
.055
.055
.055
G-2
inches
.079
.107
.089
,077
.055
.044
.025
.018
the right with intervertebral
G-4
inches
.065
.042
.060
.078
.100
.112
.129
.136
inches
.064
.090
.089
.076
.070
.066
.062
.062
G-5
inches
.080
.097
.103
.110
.127
.139
.154
.161
Backward extension with intervertebral articulations intact
Angle
degrees
90
**90
89
88
87
86
85
84
G-1
inches
.053
.056
.056
.057
.064
.068
.071
.073
G-2
inches
.084
.106
.078
.072
.067
.058
.050
.041
G-4
inches
.068
.043
.083
.096
.112
.128
.142
.155
inches
.055
.082
.051
.046
.043
.038
.034
.031
G-5
inches
.080
.080
.089
.091
.096
.103
.108
.113
** Axial load of 60# introduced
- 110 -
Bending Test: BA4-5 continued
Forward flexion with intervertebral articulations removed
Angle
degrees
90
89
88
87
86
85
84
G-1
inches
.113
.105
.102
.102
.102
.101
.101
G-2
inches
.092
.094
.101
.104
.106
.110
.114
G-3
inches
.089
.070
.059
.052
.046
.038
.032
G-4
inches
.048
.064
.072
.076
.079
.084
.089
- 111 -
G-5
inches
.110
.107
.110
.110
.110
.111
.111
Bending Test: BB34-5
Backward extension obliquely to
articulations intact
Angle
degrees
**90Q
89
88
87
86
85
84
83
G-1
inches
.101
.102
.111
.123
.132
.143
.153
.162
G-2
inches
.116
.115
.113
.111
.110
.109
.107
.105
the left with intervertebral
G.-3
inches
.128
.125
.111
.092
.082
.071
.061
.050
G-4
inches
.158
.153
.141
.125
.115
.105
.101
.085
Lateral bend to the left with intervertebral articulations intact
Angle
degrees
**90
89
88
87
86
85
84
83
G-1
inches
.091
.101
.114
.127
.142
.153
.161
.165
G-2
inches
.091
.069
.056
.045
.028
.022
.015
.010
rr-3
inches
.061
.063
.062
.060
.059
.056
.056
.056
* See curves for locetion of Ames diels
** Axial load of 60# introduced
- 112 -
inches
.130
.127
.124
.123
.123
.123
.123
.123
G.-4
inches
.158
.150
.141
.128
.117
.106
.100
.094
inches
.074
.074
.073
.073
.073
.068
.068
.066
Bending Test: 334-5 continued
Forward flexion obliquely to the left with
articulations intact
Angle G-1 G-2 G-3
degrees
**90
89
88
87
86
85
84
83
inches
.093
.096
.104
.108
.117
.124
.129
.134
inches
.180
.170
.152
.150
.133
.120
.111
.099
inches
.032
1.035
.040
.043
.048
.053
.059
.065
intervertebral
inches
.061
.055
.051
.048
.043
.040
.038
.036
Forward flexion with intervertebral articulations intact
Angle
degrees
90
**90
89
88
87
86
85
84
83
G-1
inches
.051
.051
.047
.045
.042
.041
.041
.041
.041
G-3
inches
.102
.099
.096
.091
.086
.081
.074
.068
.062
inches
.093
.108
.116
.125
.135
.143
.152
.162
.173
inches
.008
.015
.017
.023
.028
.033
.039
.045
.051
** Axial load of 60# introduced
- 113 -
G-5
inches
.095
.078
.072
.068
.065
.062
.060
.059
G-5
inches
.119
.114
.111
.109
.107
.105
.104
.103
.102
Bendingq Test: BB4-5 continued
Forward flexion obliquely to the right with
articulations intact
Angle
degrees
**90
89
88
87
86
85
84
83
G-1
inches
.072
.056
.048
.041
.033
.028
.023
.022
intervertebral
G-3G- 2
inches
.092
.100
.105
.108
.113
.115
.118
.123
inches
.129
.134
.138
.140
.143
.144
.147
.150-
inches
.119
.137
.149
.158
.168
.172
.180
.190
Lateral bend to the right with intervertebral articulations intact
Angle
degrees
**90
89
88
87
86
85
84
83
inches
.067
.049
.040
.032
.029
.027
.020
.011
G-2
inches
.092
.120
.130
.141
.147
.157
.165
.172
G-3
inches
.117
.119
.115
.112
.102
.094
.090
.085
G-5
inches
.106
.134
.146
.153
.161
.170
.177
.183
inches
.058
.074
.090
.100
.111
.121
.130
.136
** Axial load of 60# introduced
inches
.069
.073
.079
.083
.087
.088
.092
.095
Bending Test: BB4-5 continued
Backward extension obliquely to
articulation intact
Angle
degrees
**90
89
88
87
86
85
84
83
-1
inches
.060
.055
.053
.050
.046
.043
.041
.037
the right with intervertebral
G-2
inches
.115
.127
.142
.147
.158
.168
.177
.185
inches
.110
.102
.091
.08l
.062
.052
.038
.029
inches
.124
.125
.126
.127
.128
.128
.128
.128
inches
.071
.078
.091
.102
.117
.129
.140
.151
Backward extension with intervertebral articulations intact
Angle
degrees
**90
89
88
87
86
85
84
83
G-1
inches
.112
.113
.116
.119
.123
.129
.133
.137
G-2
inches
.095
.102
.109
.114
.122
.129
.137
.144
G-3
inches
.147
.132
.117
.103
.082
.065
.051
.035
G-4
inches
.058
.055
.048
.043
.034
.025
.016
.012
G-5
inches
.119
.121
.126
.132
.141
.150
.160
.169
** Axial load of 60# introduced
- 115 -
-U
- H - _________________________ _________
Bending Test: BB4-5 continued
Forward flexion with intervertebral articulations removed
Angle
degrees
90
89
88
87
86
85
84
83
G-1
inches
.059
.059
.058
.056
.056
.055
.054
.052
G-2
inches
.105
.091
.084
.075
.069
.050
.045
.039
G-3
inches
.107
.132
.141
.153
.162
.173
.184
.200
G-4
inches
.110
.121
.126
.132
.137
.142
.148
.154
Effect of axial load at a forward flexion angle
intervertebral articulations removed
Axial load
lbs.
0
90
170
240
280
350
G-1
inches
.115
.114
.113
.111
.110
.108
G-2
inches
.141
.139
.138
.133
.130
.127
G-3
inches
.165
.167
.169
.176
.180
.185
of 110 with
G-4
inches
.121
.123
.126
.133
.137
.141
- 116 -
G-5
inches
.099
.089
.084
.079
.076
.071
.065
.060
G-5
inches
.143
.140
.138
.131
.127
.119
